The preimplantation period of life in mammals encompasses a tremendous amount of restructuring and remodeling of the embryonic genome and reprogramming of gene expression. These vast changes support metabolic activation and cellular processes that drive early cleavage divisions and enable the creation of the earliest primitive cell lineages. A major question in mammalian embryology is how such vast, sweeping changes in gene expression are orchestrated, so that changes in gene expression are exactly appropriate to meet the developmental needs of the embryo over time. Using the rhesus macaque as an experimentally tractable model species closely related to the human, we combined high quality RNA-seq libraries, in-depth sequencing and advanced systems analysis to discover the underlying mechanisms that drive major changes in gene regulation during preimplantation development. We identified the major changes in mRNA population and the biological pathways and processes impacted by those changes. Most importantly, we identified 24 key upstream regulators that are themselves modulated during development and that are associated with the regulation of over 1000 downstream genes. Through their roles in extensive gene networks, these 24 upstream regulators are situated to either drive major changes in target gene expression or modify the cellular environment in which other genes function, thereby directing major developmental transitions in the preimplantation embryo. The data presented here highlight some of the specific molecular features that likely drive preimplantation development in a nonhuman primate species and provides an extensive database for novel hypothesis-driven studies.
Introduction
The preimplantation period of life in mammals encompasses a tremendous amount of restructuring and remodeling of the embryonic genome and reprogramming of gene expression. These vast changes support metabolic activation and cellular processes that drive early cleavage divisions and enable the creation of the earliest primitive cell lineages. Global waves of DNA demethylation and methylation as well as histone modifications are associated with the activation and repression of large numbers of genes (Latham and Schultz, 2001; Zhou and Dean, 2015) . In mouse embryos, the net result is a series of multiple major transcriptional activation events that anticipate major changes in cellular morphology, cellular physiology and cell lineage formation (Latham et al., 1992; Hamatani et al., 2004) . Studies in cattle, human and nonhuman primate embryos indicate similarly sweeping changes in preimplantation gene expression (Misirlioglu et al., 2006; Kues et al., 2008; Vassena et al., 2011; Chitwood et al., 2017) .
A major question in mammalian embryology is how such vast, sweeping changes in gene expression are orchestrated, so that the stage-by-stage changes in gene expression are exactly appropriate to meet the developmental needs of the embryo. Answering this question would significantly extend our understanding of early developmental processes and of how environmental and other factors might impact the early embryo and thereby affect later development and survival. Although previous cDNA array and RNA sequencing (RNA-seq) studies have revealed the timing and extent of major transitions in gene expression in different species, a clear understanding of what drives those changes has not been revealed, due to a combination of technical limitations and insufficient systems analysis of the expression data. Additional studies in embryonic stem cells have revealed networks of interacting genes that promote specific events related to cell lineage specification (Huang and Wang, 2014) . Such studies are highly valuable, but many more essential and key events occur during the same period, and their controlling mechanisms, have yet to be explained.
Our goal in this study was to combine methods to produce high quality RNA-seq libraries, in-depth sequencing and advanced systems analysis to discover the underlying mechanisms that drive major changes in gene regulation during preimplantation development. To do this, we chose the rhesus macaque as an experimentally tractable model species that is closely related to the human and thus the most amenable to future studies to better understand early human development. Other recent reports have investigated the rhesus macaque preimplantation embryo transcriptome by RNA-seq, but have provided very low depth of coverage or variation in sequence read length employed, small numbers of biological replicates per stage, poorly described donor female information and limited systems analysis of changes associated with key developmental transitions (Chitwood et al., 2017; Wang et al., 2017) . We provide here the results of an RNA-seq transcriptome study of preimplantation development in the rhesus macaque with a sufficient number of stages to detect major changes in gene expression, a greater depth of sequencing coverage and sensitivity, greater degree of biological replication and lesser opportunity for impact of maternal genotype on outcome. Additionally, our embryos were sexed and enough males and females were used to address sex as a biological variable at later stages. Using this extensive RNA-seq data set, we identified the major changes in mRNA population as well as the biological pathways and processes impacted by those changes. Most importantly, we identified 24 key upstream regulators that are themselves modulated during development and that are associated with the regulation of over 1000 downstream genes. Through their roles in extensive gene networks, these 24 upstream regulators are situated to either drive major changes in target gene expression or modify the cellular environment in which other genes function, thereby directing major developmental transitions in the preimplantation embryo. The data presented here thus highlight some of the specific molecular features that likely drive preimplantation development in a nonhuman primate species.
Materials and Methods
Oocyte collection and embryo culture All animals were housed at the California National Primate Center in accordance with the ethics guidelines established and approved by the Institutional Animal Use and Care Administrative Advisory Committee at the University of California-Davis (Vandevoort et al., 2011) . Adult female rhesus macaques (Macaca mulatta), aged 6-12 years (normal breeding age) with normal menstrual cycles, were used in this study. An ovarian stimulation protocol was used for the collection of matured oocytes (MII). This included twice daily injections of recombinant hFSH (37.5 IU; La Jolla Discount Pharmacy, La Jolla, CA) for 7 days at the onset of menstruation and was followed by a single injection hCG on Day 8 (1000 IU, La Jolla Discount Pharmacy, La Jolla, CA). Cumulus-oocyte complexes were collected by follicular aspiration approximately 30 hours post hCG injection and oocytes were assessed for maturation status. A subset of MII oocytes were collected for RNA isolation and another set of MII oocytes were used for IVF (Day 0 of culture) and subsequent embryo culture procedures for the collection of eight cell (Day 3 of culture), morula (Day 5 of culture) and expanded blastocysts (Day 6 of culture) following previously established methods (de Prada and VandeVoort, 2008; Chaffin et al., 2014) . Four to five females were used as donors for each stage (MII = 5; 8-cell = 4; morula = 4; expanded blastocyst = 5). RNA-seq libraries were made with two oocytes per sample for MII oocytes and one embryo per sample for other stages.
Library preparation, sequencing, alignment and analysis All samples were isolated for RNA following the manufacturer's protocol using PicoPure™ RNA Extraction kit with a DNAse digestion (Qiagen; Hilden, Germany). All 52 libraries were produced for sequencing using the Ovation RNA-Seq System v2 kit, which uses Ribo-SPIA™ technology (NuGen, San Carlos, CA). Of these samples, 17 were also analyzed by constructions and sequencing libraries prepared using the Ovation ® SoLo RNA-Seq System for reasons described below. The SPIA libraries included cDNA fragmentation to approximately 300 bp using a Covaris-2 sonicator and a S1 nuclease digestion as previously described (Head et al., 2011) . Libraries were then purified using Agencourt AMPure XP beads (Beckman Coulter) and further processed through the Ovation Ultralow DR Multiplex Systems 1-16 (Nugen), which included end repair, adaptor ligation and library amplification following manufacture's instruction. Initial attempts of alignment of the libraries to the Macaca mulatta MacaM v7 genome (Zimin et al., 2014) resulted in a high level of multimapping and non-exonic read alignments. To rule out the possibility that this was due to faulty SPIA library preparation, 17 of the samples were processed in duplicate using the Ovation ® SoLo RNA-Seq System (NuGEN, San Carlos, CA) following the manufacturer's protocol. Library preparation included a bead purification, end repair, adaptor ligation and first round library amplification and purification. Then 20-30 ng of each library was used to for the remainder of library preparation, which included use of InDA-C primers for rRNA depletion, as well as second round library amplification and purification steps. The Solo Kit uses enzymatic shearing and all RNA-seq libraries are between 300 and 350 bp in length. However, the library preparation method did not alter outcome, as the Pearson Correlation coefficients (0.88-0.94, P < 0.0001, Supplemental Table S1 ) indicated very similar results comparing SPIA and SoLo libraries. Subsequent analysis identified the MacaM v7 genome build as the source of the alignment problems, and established that alignment to the Mmul 8.1.0 (Rogers et al., 2006) alleviated the issue multi-mapping and nonexonic read alignments. Both the SoLo and SPIA libraries were used in the DESeq2 analysis, using the 'collapseReplicates' function to avoid inappropriate weighting of the samples in the analysis. All samples were sequenced at the Michigan State University Research Technology Support Facility, using the Illumina HiSeq 2500 (Illumina, San Diego, CA, USA) for SPIA samples or HiSeq 4000 for SoLo (Illumina, San Diego, CA, USA). The change in platform was due to an automatic upgrade at the facility. The barcoded libraries were pooled and sequenced in rapid run mode to generate 50 nucleotide unpaired end reads. Utilization of 50 nucleotide reads were selected as a means for maximizing the generation of expression data while balancing total cost. Samples were loaded at 65% of optimal loading concentration, to enhance the effectiveness of the Illumina cluster identification algorithm, along with 10% of optimal loading concentration of PhiX DNA Control library (adapter-ligated library obtained from randomly sheared PhiX DNA; Illumina), to increase initial read sequence complexity. Instead of a standard Illumina R1 sequencing primer, the SoLo Custom R1 primer was used for the sequencing of the libraries.
The total number of pass-filter reads generated from sequencing per sample ranged from 26.7 M to 129.3 M (Supplemental Table S1 ). The fraction of Q30 bases ranged from 91.57% to 95.94% with and average Q of 35.80 to 39.05. Sequencing data are available at the Gene Expression Omnibus (GSE112537).
Reads were aligned the Mmul 8.1.0 genome (genome annotation release version 90) (Zerbino et al., 2018) using the Hisat2 (Kim et al., 2015) software package, excluding those aligning to ribosomal RNA (rRNA) and rRNA like genes. Exonic read counts were generated utilizing 'featureCounts' (Liao et al., 2014) and the differential expression calculations were conducted with the DESeq2 (Love et al., 2014) package. Although we include sequencing data for 53 libraries in GEO, we excluded from this analysis eight libraries that had <20 M aligned reads. Two samples of delayed blastocysts were also excluded as irrelevant to the purpose of the study. For this analysis, we thus used 43 libraries encompassing at least three biological replicates per sample type and samples from at least three different maternal donors (MII stage oocytes (n = 8), and embryos at the 8-cell (n = 11), morula (n = 11) and expanded blastocyst (n = 13) stages). Pre-differential expression filtering consisted of removal of genes with less than 1 FPKM (fragment counts normalized per kilobase of feature length per million mapped fragments) (Trapnell et al., 2010 ) present in at least five samples. This minimum of five samples was used to ensure expression at 1 FPKM or greater present in 10% or more of the samples, regardless of stage. A q-value (the P-value adjusted for multiple comparisons) below the false discovery rate of 0.05 was used as the threshold for defining DEGs. Sequencing depth achieved in this study was high, with an average of >55 M total aligned reads per sample (range 21.9 M-114.5 M). Non-rRNA exonic reads representing expressed mRNAs ranged from 4.8 M to 45.4 M with an average of 17.39 M (Supplemental Table S1 ). The sex of embryos was determined using the method in Midic et al. (2018) . Briefly, this method uses RNA-seq data in a three step process: (1) test of Y chromosome presence by high expression of RPS4Y1/2 and low XIST, (2) test of X chromosome presence by high expression of XIST and low RPS4Y1/2, and (3) test for presences of two X chromosome copies by SNP testing .
All resultant DEG lists were uploaded to the Ingenuity Pathway Analysis (IPA; Qiagen, Hilden, Germany) suite of tools for exploring enrichments in Canonical Pathway (CP), Disease and Functions (DF) and Upstream Regulator (UR). IPA output consists of a P-value detailing the level of significance enrichment of the uploaded gene-set as compared to the known molecules in the database for a given CP/UR/DF entry. Those entries with a P-value less than 0.05 were classified as statistically significant. In addition, IPA provides z-score calculation allowing for the inference of directionality of the level of activity: activation/increase or inhibition/ decrease. For a normal distribution, |z| > 1.96 is considered statistically significant. It should be noted that entries with a significant P-values do not necessarily result in a significant z-score; z-scores are returned on the basis of information contained within the IPA knowledge base. For a more focused analysis, we restricted IPA functional analysis to just biological function, omitting disease-based categories.
Results

RNA sequencing libraries and statistics
Forty-three RNA-seq libraries corresponding to MII stage oocytes (n = 8) and embryos at the 8-cell (n = 11), morula (n = 11) and expanded blastocyst (n = 13) stages were included in this study. Principal component analysis revealed that there was a high degree of clustering and extensive differences between the transcriptomes of the different developmental stages (Fig 1 and Supplemental Figure S1 ). Of the 8784 to 10 743 genes expressed at each stage, there were 7 349 differentially expressed genes (DEGs) observed among a total of >23 000 transcripts quantified across the developmental stages.
Identification of trend-line groups corresponding to long-term patterns of gene regulation
Our next step was to characterize this vast amount of change in a way that would reveal changes associated with key developmental transitions. We utilized an approach that considers long-term patterns of gene regulation and cross-stage regulatory interactions for each DEG, recognizing the temporal order of the different stages, instead of just comparing pairs of chronologically successive stages. For each gene, the statistical significance of change between successive stages was calculated and used to assign genes to one of 26 'trend-line' groups ( Fig. 2 ), which were then clustered into 'super-groups' consisting of oocyte-expressed mRNAs (Maternal), four major embryonic genome activation (EGA) groups (EGA1 to EGA4), and mRNAs that are repressed during the morula to blastocyst transition (BL-Down) (Fig. 3) .
The Maternal group was the largest with 3153 genes total (M1-M6 trend-line groups; Figs 2 and 3 and Supplemental Table S2 ). Starting with the transition from MII to 8-cell stage, we first defined two supergroups with increased mRNA expression, one transiently increased at the 8-cell stage (EGA1) and a second in which expression either Tables S3 and S4 ). EGA1 contained 306 genes and encompassed two known markers of the initial embryonic genome activation state reported in mice and humans (DUXA and ZSCAN4) (Falco et al., 2007; De Iaco et al., 2017) . EGA2 contained another 2213 genes. The next two super-groups in temporal sequence were EGA3, with 966 genes displaying their first significant increase in expression at the 8-cell to morula transition, and EGA4, containing 580 mRNAs that displayed significant increases between the morula and expanded blastocyst stages (Figs 2 and 3, Supplemental Tables S5  and S6 ). The last super-group contained 203 mRNAs that decreased in abundance between morula and expanded blastocyst stages (BLDown) (Figs 2 and 3, Supplemental Table S7 ). (Note that BL-Down groups 2, 3 and 4 are the same as EGA2-3, EGA2-5 and EGA3-6.)
The magnitude and importance of the EGA1 and EGA2 supergroups was evident in the log2(fold-change) plot comparing MII and 8-cell stages, which shows a prevalence of mRNAs undergoing increased expression (Fig. 4 panel A) . Interestingly, the log2(fold-change) plot comparing 8-cell and morula stages (Fig. 4, panel B ) revealed many more decreases in expression than increases, marking this interval as the largest period of maternal mRNA destruction. Thereafter, the log2 (fold-change) plot comparing morula and blastocyst stages (Fig. 4 panel C) revealed that mRNAs decreasing in expression substantially outnumber mRNAs undergoing increasing expression.
IPA analysis of super-groups
The foregoing analysis revealed thousands of gene expression changes but a high degree of co-regulation amongst these mRNAs expressed, with 94% of the >7000 DEGs encompassed by just 10 of the 26 trendline groups described above. To understand the biological consequence of this vast amount of change, and to identify potential regulators that drive this change, we applied IPA analysis in two complementary approaches.
First, we examined pathways, functions and regulators associated with specific super-groups in order to discover the specific roles of those cohorts of genes in development. This approach was applied to Maternal and EGA1 to EGA3 super-groups. IPA analysis of these super-groups identified multiple different canonical pathways and biological functions, including key signaling pathways, pathways related to cell cycle, DNA repair and gene expression, and other essential cellular functions ( Fig. 5 ; Supplemental Tables S8-S15). Because EGA1 and EGA2 occurred simultaneously, we also applied IPA analysis to the EGA1 and EGA2 groups combined. This revealed additional biological effects not observed by examining EGA1 and EGA2 separately, and overall indicated a predominant effect in promoting cell division and survival ( Fig. 6 ; Supplemental Tables S16 and S17). IPA analysis of EGA4 revealed significant activation of the planar cell polarity (PCP) pathway, along with functions involved in metabolism of carbohydrates and fatty acids ( Fig. 6 ; Supplemental Tables S18 and S19). IPA analysis of the BL-Down super-group yielded limited results (Supplemental Table S20 ).
IPA analysis of pathways and biological functions associated with major developmental transitions
Having identified the major gene regulatory groups and their likely impacts on embryo development, we next sought to discover the combined impacts of these groups on the embryo during the major developmental transitions. To do this, we employed a second approach to IPA, by merging combinations of multiple trend-line groups into 'mega-groups' to capture effects driven by the entire spectrum of changes occurring during three major developmental transitions: oocyte-to-8-cell, 8-cell-to-morula and morula-to-blastocyst.
The switch from maternal to embryonic control of development is a key event during preimplantation development of all mammals and combines translation and degradation of maternally derived transcripts with the transcriptional activation of the embryonic genome. Our results above revealed that this transition occurs in part from MII to 8-cell stage and in part from the 8-cell to morula stage. IPA on the combination of 2938 genes undergoing significant increases or decreases between MII and 8-cell stage (M-2, EGA1-1, EGA2-1, EGA2-3) garnered 179 significant results, 37 with a significant z-score (32 activated, 5 inhibited). A number of activated functions were identified involving cell survival/viability and recombination. Inhibited functions consisted of cell/organismal death and the formation and organization of microtubules (Fig. 7, panel  B , Supplemental Table S21 ). Canonical pathway analysis revealed activation of EIF2 signaling, estrogen-mediated S-phase entry and other pathways (Fig. 7 , panel A, Supplemental Table S22 ). IPA applied to the eight cell to morula stage genes (M-1, M-3 and EGA3-1) revealed activation of RhoGDI signaling and inhibition of sphingosine-1-phosphate, PAK signaling, microtubule dynamics as well as expression and transcription of RNA (Fig. 7, Supplemental Table S23 ).
IPA of the gene modulations associated with the transition from morula to blastocyst (EGA3, EGA4, BL-Down, M-4, M-5, M-6, and EGA1-2) revealed a total of 25 pathways (2 activated, 1 inhibited), and 206 biological functions (28 activated and 8 inhibited). Compared to Figure 4 Frequency distribution of the log2(fold-change) for the differentially expressed genes between the two consecutive stages. These graphs illustrate that the increasing and decreasing in expression distributions over time. The x-axis plots the log2(fold-change) and the frequency on the y-axis. A vertical dashed line denotes the mean log2(fold-change). Short vertical lines between the x-axis and the frequency curve denote individual data points. There was a marked number of genes with an increase in expression for the MII to 8-cell and 8-cell to morula transitions, while the morula to blastocyst had majority decreases. the individual analysis of EGA4 and BL-Down, superpathway of cholesterol biosynthesis emerged as activated, along with GP6 signaling and inhibition of RhoGDI signaling, and there was activation of microtubule dynamics, quantity of steroid and concentration of lipid (Fig. 7 , Supplemental Tables S24 and S25 ). There were 10 additional significant affected canonical pathways revealed (Supplemental Table S25 ).
Effect of embryo sex on pathways and biological functions
Once the embryo expresses its own genome, it is possible to determine the sex of the embryo from which the library was made . We tested whether embryo sex had an impact on IPA results for morulae and blastocysts, using sets of DEGs identified by comparing male and female embryos at morula and blastocyst stages (Supplemental Tables S26 and S27 ). There were eight significantly affected canonical pathways at the morula stage and 14 at the blastocyst stage (Supplemental Table S28 ). None of the pathways had a significant z-score. Each stage had a different affected biological function; quantity of cells at morula (inhibited in females, z = −2.274) and conversion of lipid at blastocyst (inhibited in females, z = −1.968).
Upstream regulators as novel drivers of major developmental transitions
A powerful tool afforded by IPA is the ability to identify upstream regulators (URs) that may drive significant changes in biological pathways and processes, and thus play a role in the progressive acquisition of embryo characteristics from one stage to the next. We note that, because we are measuring mRNA expression, and some UR-effector relationships in IPA may be assigned on the basis of protein-protein interactions, interpretation of possible biological meaning must account for UR functional class (transcription factors, kinases, etc.).
We identified 83 significant URs that were differentially expressed; 23 from the maternal super-group, 9 from EGA1, 24 from EGA2, 16 from EGA3, and 11 from EGA4 (Supplemental Table S29 ). Of these 83 URs, 24 were associated with target molecules that were regulated within other super-groups (Fig. 8) . These 24 URs have diverse functions, including nine transcription factors, six kinases and nine others (receptor, peptidase, growth factor, transporter and enzyme) ( Fig. 8 ; Supplemental Table S30 ). Interestingly, of these 24 URs, nine were observed to be regulated in equivalent stages when compared to either of the two previously published rhesus monkey preimplantation embryo RNA-seq studies (overlap of six in each study; Supplemental Table S31 ) (Chitwood et al., 2017; Wang et al., 2017) . The other members of this 24 UR set were either not detected or were not observed to be differentially regulated, most likely due to lower sensitivity of mRNA detection smaller numbers of replicate samples, and/ or slight differences in relative developmental timing of embryos within morphological stages. Two URs (CDK4/6 and HSPA5) were returned for all three studies.
Some of these 24 differentially regulated URs displayed significant (P < 0.05) effects on target molecules at multiple stages. Significant z-scores were obtained for some effects, but not for others; for the latter situations, the possible direction of effect could be inferred from up-or downregulation of the target molecules. Some affected URs were associated with DEGs within the same super-group in which the URs were regulated, or with DEGs within the same embryo stage (i.e. EGA1 and EGA2 for 8-cell stage), and thus may exert short-term actions. URs could also be associated with DEGs in other super-groups/embryo stages, indicating possible long-term actions (Fig. 8) .
As an example of short-term regulation, ESR2 was associated with 40 downregulated DEGs in the maternal super-group, HNF4A was associated with 195 upregulated DEGs within EGA2, and ERBB2 was associated with 44 upregulated DEGs within EGA3 (Fig. 8) . Short-term interactions were also seen within the 8-cell stage but between supergroups. For example, CCND1 increases in expression during EGA1, and its downstream effectors include members of the concurrently activated EGA2 super-group and its affected CPs and biological functions.
An example of the utility of the UR analysis for detecting long-term UR actions can be seen in INSR. This gene is upregulated at the 8-celll stage as part of the EGA2 super-group and displays significant positive z-scores for effects at the morula and blastocyst stages (EGA3 and EGA4) indicating activation of its downstream effects, with over 20 downstream DEGs at each stage (Fig. 8) . CCND1 provides another interesting example, being itself upregulated during the 8-cell stage as part of EGA1 and displaying a negative z-score (z = −1.2). Although the z-score was below the significance threshold, this effect was accompanied by significant downregulation of 48 downstream effector mRNAs as part of the M-1 trend-line group. Thereafter, distinct groups of many CCND1 target molecules were upregulated as part of EGA3 or EGA4, or downregulated as part of the BL-Down supergroup, and CCND1 was significantly associated with these later changes (P < 0.05) even though it displayed either no z-score, or a positive z-score below the significance threshold. Other URs (ERBB2, RRP1B, CDK4/6, SET) with increased expression at EGA2 or EGA3 were associated with degraded maternal mRNAs. Reciprocally, URs with diminishing expression in the maternal super-group (PRKCE, JAG1) were associated with increased target molecule expression at EGA1. Interestingly, the largest number of developmentally modulated URs were those upregulated as part of EGA2.
Additional insight into long-term effects of developmentally regulate URs was obtained through a novel analysis linking affected URs to IPA canonical pathways that are modulated within other super-groups and embryonic stages. First, we identified the canonical pathways that contain the URs themselves (Fig. 8, Supplemental Table S30 ). Second, we identified affected canonical pathways that contained affected target molecules for each UR (Supplemental Tables S32 and S33 ). Third, we identified the biological functions associated with the target molecules for each differentially regulated UR (Supplemental Tables S34-S36 ). These combined approaches provided an estimate of the degree to which the 24 URs acting across stages contributed to the overall range of gene expression changes throughout preimplantation development. Of the 7349 DEGs identified among the 26 trend-line groups, 4423 were matched with a molecule definition in the IPA database. Affected canonical pathways encompassed 1051 of these DEGs, and affected biological functions encompassed 2906 DEGs, for a total of 3048 DEGs. The 24 URs acting across super-groups regulate 1053 (34.5%) of these 3 048 DEGs as downstream effectors. Analysis of the canonical pathways and biological functions affected by these 24 URs revealed a striking collection of both short-term and long-term actions (Fig. 8) .
Long-term modes of action include cases where URs are upregulated during EGA1, EGA2 or EGA3 and modulate pathways and processes at later embryonic stages. One example is ROCK2, a UR that is upregulated during EGA2 and affects members of the EGA4 supergroup (Fig. 8) . Interestingly, ROCK2 is also a member of the planar cell polarity pathway, which is activated in the EGA4 super-group. The EGA4 super-group also included DEGs in the planar cell polarity pathway that are targets of the EGA1-1 URs: CCND1 and LDLR, and the EGA2-1 UR: ERBB2. Thus, URs associated with EGA1 and EGA2 were associated with regulation of planar cell polarity as part of EGA4 regulation. Similarly, two of the most significant EGA3-associated pathways (mitochondrial dysfunction and oxidative phosphorylation) had more than six of the affected molecules targeted by the HNF4A and INSR (two EGA2-1 URs). HNF4A also targeted more than 50% of the affected molecules in an EGA4 biological function (synthesis and metabolism of carbohydrate). Thus, HNF4A was activated as part of EGA2 (8-cell stage) but may contribute to modulation of pathways and processes at both morula (EGA3) and blastocyst (EGA4) stages.
We observed downregulation of effector genes as part of the Maternal super-group that were also associated with upregulation of some URs during EGA1, EGA2 or even EGA3 (Fig. 8) . This may reflect either a causal role for the URs in promoting mRNAs degradation or a reduction in the ability of URs to function as a consequence of maternal mRNA degradation. For example, ERBB2 (an EGA3-1 UR) is associated with downregulated effectors included in M-1 trend-line group and related to the Th2 pathway, assembly of intercellular junctions, formation of intercellular junctions and development of gap junctions. Because M-1 and EGA-3 genes are concurrently modulated, this may reflect a causal role. Alternatively, maternal mRNA downregulation associated with transcription factors that are upregulated during EGA (e.g. CCND1) could reflect a causal role of the UR if it regulates maternal mRNA degradation, or could indicate a reduction in expression of downstream effectors that limits the UR actions. URs from the EGA super-groups may have exerted inhibitory effects on the BLDown groups. This included short-term and long-term modes of action. A long-term inhibitory affect was seen with CCND1 and SOX11 (EGA1-1 URs) targeting downregulated (BL-Down) DEGs associated with formation of actin filaments (significantly inhibited). Because the rhesus monkey is expected to be an excellent model for studying human reproduction, we examined the patterns of expression of these same 24 key URs with data reported for the same morphological stages of human embryos (Dang et al., 2016) . Eleven of the 24 URs displayed equivalent patterns of regulation (Table I) . Six additional URs displayed conservative differences (EGA1 vs. EGA2; EGA3 vs. EGA2; EGA3 vs. EGA4), which may reflect slight differences in relative embryo developmental timing within morphology at time of embryo lysis. Three maternally expressed URs displayed either no expression or no difference in expression in the human data, and one UR (FN1) displayed disparate patterns of regulation between human and monkey. Thus, overall, the results for human and monkey were very similar.
Discussion
The major findings of this study are that (1) there is a vast amount of change in gene expression (>7000 DEGs total) during preimplantation development in the rhesus monkey that can be summarized in just 26 trend-line groups, and (2) over one-third of the eligible DEGs analyzed by IPA are associated with just 24 URs that are themselves developmentally regulated and display predicted activation or inhibition states, on the basis of downstream effector mRNA expression. This novel identification of these 24 URs as key developmentally regulated factors playing controlling roles in large networks of genes provides new mechanistic insight into the control of preimplantation development.
In some cases, modulation of downstream DEGs may enable or disable upstream regulator function. In other cases, downstream DEG modulation in association with UR modulation likely reflects a mechanistic effect wherein a UR is controlling the associated DEGs. Downregulation of an inhibitory UR may allow downstream DEGs to be upregulated, and increased expression of an activating UR may direct the downstream DEG activation. In either case, such connections suggest important modes of regulation in the early embryo and a major controlling influence of the 24 URs identified here. Additional URs may regulate other DEGs that could not be analyzed in IPA, and obviously the identification of these 24 URs here using IPA does not discount previously identified key regulators in early embryos.
These 24 URs include transcription factors, kinases, receptors, peptidases, growth factors, transporters and enzymes. This diversity of function indicates that some of these key URs can act directly to mediate changes in gene expression ('instructive' effects), while others modify the cellular environment to potentiate key developmental events ('permissive' effects) , and yet others may have their actions constrained by down-modulation of effectors at a prior stage.
One example of a long-range 'instructive' function is seen for HNF4A, a transcription factor that is upregulated during EGA2 and is associated with increased expression of downstream effectors during EGA3 and EGA4. Another interesting example of an instructive function is a group of transcription regulators expressed during EGA1, EGA2 or EGA3 (ERBB2, SOX11, SET) that may down-regulate maternal mRNAs as part of genome reprogramming and help establish the embryonic cell cycle. A possible example of a 'permissive' function is the downregulation of NFKBIA maternal mRNA, which may release of NFKB from cytoplasmic sequestration to allow its nuclear action during the 8-cell stage. Other examples of permissive actions include kinases or kinase regulators, such as increased expression of CCND1 mRNA during EGA1, which is then available to drive both positive and negative effects through diverse downstream effectors at later times.
In addition to identifying the 24 upstream regulators, our approach to defining long-term modes of regulation and long-term gene interactions across 8 cell stages yielded new insight into regulatory mechanisms driving preimplantation development, including major developmental transitions (oocyte-embryo, oocyte-morula and morula-blastocyst mega-groups) and provided a greater understanding of the pathways and processes associated with those transitions. When taking this long-range view, we identified metabolism-related and growth factor-related signaling and biological process related to microtubules, transcription, translation, cell survival and ubiquitination as key processes, as well as associated DEGs as key molecules driving preimplantation development. Activation of growth factor signaling via VEGF and IGF-1 were prominent features of the oocyte to morula transition. Contribution of VEGF to preimplantation development is conserved, as it is also developmentally regulated in bovine and porcine embryos and improves cleavage and blastocyst rates in bovine embryos (Einspanier et al., 2002; Biswas et al., 2011) . IGF-1, which is secreted by the preimplantation embryo and co-expressed with its receptor in oocytes and embryos, promotes cleavage, differentiation, transcriptional activation and prevention of apoptosis, as well as implantation (Heyner et al., 1993; Inzunza et al., 2010) . Interestingly, we observed relaxin receptor (RXFP1) mRNA expressed in oocytes as well as embryos, with a higher abundance in 8-cell and morula stage embryos. This suggests both maternal and embryonic origins of the RXFP mRNA, and the potential for relaxin signaling in oocytes as well as embryos. Relaxin stimulates production of VEGF and other growth factors and is produced in primate ovaries during the luteal phase of the menstrual cycle. Relaxin also enhances rhesus monkey blastocyst quality (Vandevoort et al., 2011) . This suggests a possible early role of ovarian relaxin and oocyte-, as well as embryo-, expressed receptor in contributing to embryo quality. Ribosome biogenesis is another key function that emerged in our analysis of the oocyte to morula transition, reminiscent of nucleolus reformation and the key role for nucleoli in preimplantation development (Maddox-Hyttel et al., 2007; Golomb et al., 2014; Fulka and Aoki, 2016) . We observed both DEGs and biological functions related to ribosome biogenesis during EGA2, including EMG1 (essential for mitotic growth 1) and RBM19 (RNA binding motif Protein 19), which plays a critical role in ribosome biogenesis and is essential for mouse preimplantation development (Zhang et al., 2008; Wu et al., 2010) .
The next critical transition that we wanted to highlight was the morula to blastocyst transition, allowing us to assess the important processes involved in blastocyst formation. Key features of the morula to blastocyst transition that emerged in our data set included increased biosynthesis of lipid, cholesterol and steroids, increased PPARα/RXRα signaling and increased carbohydrate metabolism. The importance of these processes was also reported for blastocyst formation in other species (rodents, pig and bovine) (Mohan et al., 2002; Huang, 2008; Abbott, 2009; Blitek and Szymanska, 2017) . The role of cholesterol and lipids in preimplantation embryos are still being discovered. Our results indicate that lipids, cholesterol and PPAR/RxR signaling are likely especially important during the morula to blastocyst development. Another novel finding for the morula to blastocyst transition was the activation of the GP6 or GPVI signaling in blastocysts in relation to morula embryos. GP6 signaling is involved in platelet activation and collagen binding (Semeniak et al., 2016) . Plateletactivating factor (PAF) plays a role in embryo viability and pregnancy (Ripps et al., 1993; Roudebush et al., 2002) .
Another aspect of the transition to blastocyst is planar cell polarity (PCP) signaling. The PCP pathway is increased during EGA4. PCP is a branch of the WNT signaling pathway and is required for embryonic development (Gao, 2012) . PCP plays a key role in embryo compaction and creation of inner and outer cell lineages (Tao et al., 2009; Sokol, 2015) . It is also known for its role in cell polarization, cell migration, axon guidance and chemotaxis, and is dependent on the RhoA-ROCK1 and ROCK2 cascade (Sebbagh and Borg, 2014) . ROCK2 is a PCP upstream regulator and is required for proper inner cell mass morphology and lineage formation, cleavage and blastocyst formation (Laeno et al., 2013; Duan et al., 2014; Kwon et al., 2016) . We find that ROCK2 mRNA first increases in abundance during EGA2, indicating that events as early as the 8-cell stage in the monkey likely facilitate PCP, in support of cavitation and cell lineage formation during subsequent stages.
Next, we identified key processes or signaling pathways that were modulated throughout the preimplantation period. One prominent process that emerged from our analysis is the modulation of mitochondrial function and metabolism-related signaling during development. Changes in mitochondria-related functions (mitochondrial dysfunction, OXPHOS, TCA cycle II, and Mito L-carnitine shuttle pathway) were major elements associated with EGA3. The activation of mitochondrial functions after the 8-cell stage sets the stage for mitochondria increasing in number and undergoing structural changes to provide for increased oxidative metabolism, oxygen consumption, ATP production and respiratory function, as the embryo develops (Dumollard et al., 2007; Cecchino et al., 2018) . The oocyte and embryo mitochondrial activity is also directly related to embryo viability (Dumollard et al., 2007; Kaneko, 2016) . The UR analyses highlights HNF4A and INSR as potential key players in this transition, consistent with regulatory functions identified in other cell types (Louvi et al., 1997; Stoffel and Duncan, 1997; Barry and Thummel, 2016; Logan et al., 2018) . Our transcriptome data thus highlight the potential key contribution of increasing mitochondrial function during the morula stage to continued preimplantation development.
Another interesting result that emerged from our analysis is the potential role of estrogen signaling in the early embryo. A loss of estrogen during maturation can block embryo development and additional supplement of maturation media with estrogen has shown to improve blastocyst formation (Bondesson et al., 2015; Kubo et al., 2015) . However, there is still limited knowledge on the importance of estrogen-mediated signaling within the embryo itself during preimplantation development. We identified estrogen-mediated S phase in our mega group for the oocyte-to-embryo (8-cell) transition and supergroup EGA1, as well as estrogen receptor signaling within EGA2. The estrogen-mediated S phase pathway also includes three DEGs related to cell cycle progression (CCNA1, CCND1, and MYC), which were also associated with key affected biological functions (mitosis, cell survival, cell viability and G2/M phase) associated with the oocyte-to-embryo transition. Although the role of estrogen-mediated signaling during preimplantation development is not fully understood, this finding suggests this may be a worthwhile line of investigation.
One of the strengths of this dataset is the use of the rhesus monkey as a model. This species has highly similar reproductive physiology to humans, especially in comparison to rodent models. There is also evidence that both nuclear and cytoplasmic maturation of primate oocytes resemble that of humans (Chaffin and Vandevoort, 2013; Ruebel et al., 2018) and that primate embryos require key regulatory mechanisms not observed in rodents (Vandevoort et al., 2011) . Genetically, there is a high degree of similarity between rhesus and human genomes (Schramm and Bavister, 1999) , and an accompanying similarity in gene regulation was evident in the expression patterns of the 24 URs examined in detail here. This similarity further highlights the importance of the rhesus monkey as a model for conducting studies that would not be acceptable using human embryos.
The dataset presented here stands as a major new resource for primate embryology. Our data set provides greater depth, sensitivity and biological replication within oocyte or embryo stage than any previous rhesus monkey study, and is the first to address sex as a biological variable in the early rhesus embryo. Most importantly, our novel method of analysis provides a detailed view of affected pathways, processes and functions that are associated with overt histological and biological changes during the preimplantation period. This study is the first in any species to provide a long-range analysis to illuminate regulatory effects of key genes across multiple stages. The extensive database presented here should help promote novel hypothesis-driven studies. The focused group of 24 key upstream regulators in particular provides a new framework for hypothesis development and mechanistic studies of the early embryo, how those pathways dictate embryo quality and viability, and how they may be affected by exogenous factors. The ability to design and execute such studies in a superior nonhuman primate model of human embryos may facilitate the development of improved assisted reproduction methods in humans.
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